This paper describes the results of measurements from one year period on the existence of fishy and musty odor in drinking water at low temperatures (1-2 1C) in Baotou, China, using an open-loop stripping analysis (OLSA) systems and Gas chromatography spectrometry (GC). The main results show that it is micro-contaminated water body of the raw water in Huajiang Reservoir. The average phytoplankton abundance was 2.06 Â . The concentration of trans-1,10-dimethyl-trans-9-decalol (geosmin) ranges from 20 ng L À 1 to 65 ng L À 1 and it is 2 to 5 times of the odor threshold concentrations (OTC). The correlations between MIB/geosmin and nitrogen are 0.63-0.37. Eutrophication is the most important factor influencing synthesis of taste and odors, but not temperature. Using bypassing pipe pumping Yellow River water directly to the Water
Introduction
The portability of drinking water is defined by various microbiological, non-specific and specific parameters (e.g. one hundred and forty two in the China Standard Examination method for drinking water GB/T5749-2006) as well as esthetic parameters such as water color, hardness, turbidity and taste. In particular, tastes and odors (T&O) are always ranked as one of the first three causes of complaints in developed countries [1, 2] . For an average consumer, taste and odor is the only way of determining the safety of tap water, therefore, inadequate taste and odor can create perceived health problems [3] . So water treatment facilities need suitable treatment process to control T&O esthetic problems. Oxidants such as chlorine (including chlorine-based products) and ozone, adsorbents such as activated carbon are used to remove earthy-musty T&O in drinking water [2, 4, 5] .These treatment processes greatly increase the costs of water treatment. Consequently, it is desirable to mitigate the occurrence of T&O compounds at their sources.
The most important odorous metabolites in aquatic systems are 2-methyl-isoborneol (MIB) and trans-1,10-dimethyl-trans-9-decalol (geosmin). MIB and geosmin often accumulate in surface water reservoirs, so knowledge regarding production and degradation [1] of these compounds is valuable for developing management strategies to reduce their concentrations in upstream reservoirs before water arrives at treatment plants.
The production of MIB and geosmin by Actinomycetes and Cyanobacteria respectively has been linked to several environmental parameters, such as nutrient concentrations, water temperature, light intensity, hydraulic residence time of the reservoir, and water quality [6, 7] . Temperature is also considered as an important parameter influencing the production of MIB or geosmin in laboratory cultures [8] and in the field [9] [10] [11] . Watson et al. [10] investigated that the concentrations were highest during warmer temperatures, the net reaction rates of MIB ranged from 0.2 to 3 ng L À 1 day À 1 , and annual maximum net reaction rates frequently occurred in August and September. Tung et al. [12] indicated that musty odor is present in the source water of Feng-Shen waterworks, Taiwan year around, with the MIB concentration between 10 ng L À 1 and 130 ng L À 1 being normally detected at high temperatures (18-30 1C) . And the taste and odor problems were reported in Korea and the geosmin for initial concentration was from 106 to 220 ng L À 1 especially during summer and autumn [13] . Srinivasan [7] indicated that temperature and eutrophication are the most important factors influencing synthesis of taste and odors. Although the effects of several environmental and chemical factors on MIB/geosmin synthesis during warmer temperatures by Cyanobacteria have been studied, very little is known about MIB or geosmin released in water supply reservoirs at low temperatures. This paper reports on the initial investigations on why there is the taste and odor matter in drinking water and differentiation of the category of the matter of taste and odor at low temperatures (1-2 1C) and it could be hypothesized that the MIB/geosmin formation pathway needed two steps as shown in Fig. 1 , using an open-loop stripping analysis (OLSA) systems and Gas chromatography spectrometry (GC).
Materials and methods

Study area and sampling sites
Huajiang Reservoir, located in Baotou City, Inner Mongolia, China, which is shown in Fig. 2 is one of the major drinking water and industrial water sources. The reservoir is for storage, pre-treatment purposes and the water source for this reservoir is Yellow River, about 100 m away from the reservoir. 
Sampling
The water samplings were taken from Yellow River, Huajiang Reservoir, and outflow of WTP. Water samples were collected in 4 L amber glass bottles from various locations, and delivered under cooled conditions (4 1C in cooling boxes).
Phytoplankton samples for quantitative analysis were collected at 0.5 m, 5 m, 10 m and 20 m depths with a 4 L water sampler. For each layer, about 1000 ml water was transferred to the precleaned polyethylene bottles and immediately fixed with 1% Logul's solution.
Standards and reagents
All amines were purchased in the highest purity available. The analytical standards for MIB and geosmin were purchased from Ehrenstorfer (chromatographic pure grade, Germany) at a concentration of 10 ng μL À 1 .Working solutions were prepared by sequential dilution of each standard solution with ultrapure water (Millipore, USA). Each reagent was dissolved into 1 mL of methanol which was purchased from Tedia Co., USA to make stock solution and stored at 4 1C. The device used granular activated carbon (GAC) filtration as absorbent, which was activated at 300 1C in atmosphere for 24 h, and the granularity of activated carbon is 0.140 mm. Sodium chloride (NaCl) was used to increase inorganic ion concentration, which was treated at 700 1C in Muffle furnace for 6 h.
Analysis of MIB and geosmin
2.4.1. Pretreatment methods MIB and geosmin were pretreated with an open-loop stripping analysis (OLSA) system, according to the reference analysis method of Hans [14] . As a standard procedure in the open system, 0.8 L of water is purged for 2 h at 30 1C. The gas flow-rate is 1 L min À 1 and the analytical filter is kept at 50 1C in an oven. Extraction of the filter with dichloromethane (CH 2 Cl 2 for spectroscopy, Tedia Co., USA) (26 μL) as solvent is carried out in the device which is put in ice-bath. The solvent is applied to the carbon filter by an ordinary l0 μL syringe. Extraction is performed by moving the piston up and down 30 times. The piston is then pressed down completely and the system is shaken to transfer the solvent to the bottom of the vial. The purified air was used as stripping gas, and the glass tube as heating line at 50 1C, which reduces greatly the background level and adsorption during the analysis.
Gas chromatography spectrometry analyses
Gas chromatography spectrometry (GC) was used for analysis of geosmin and MIB in water. The method detection limit (MDL) for MIB and geosmin of this method was 1.5 ng/L, the mean recoveries were (n ¼11) of 99.8-115% and the precision was 4-11.6%(7S.D.%) [15] .
The GC analysis was carried out in the FID mode on an MISTUMAZU GC-17A Ver3 and Class-GC Chemstation data system. The GC conditions were injector temp. 
Data collection and analysis
While numerous water quality parameters were measured, those that were evaluated for the purpose of this study are temperature, dissolved oxygen (DO), flavor, monochloramine, dichloramine, total phosphorus (TP), and various forms of N: NO 3 -N, 
Phytoplankton qualitative and quantitative methods
The water samples for phytoplankton quantitative determinations were stored in a glass sedimentation utensil. A 48 h sedimentation method was applied to concentrate the phytoplankton. Thin hoses were plunged into the sedimentation utensil and the supernatant was evacuated, until about 30 ml volume remained. Phytoplankton identification was carried out under microscope with phase contrast (Olympus CX41) according to the reference book edited by Hu and Wei [16] . Phytoplankton quantitative methods followed the literature [17] .
Results and discussion
Taste and odor metabolites in water samples
Obtained by OLSA-GC, the samples were analyzed for the most commonly observed earthy/musty odorants, MIB and geosmin. Monitoring results, from September 2012 to April 2013, indicated that MIB was present in , and MIB was always less than detection limits, which suggests that the presence of taste and odor in lake water was not contributed by the Yellow River.
Similar observations, that MIB and geosmin concentrations were relevant to FPA, are shown in Fig. 4 . FPA is a measure of odor strength for a specific group of odor. Fig. 4 also includes the flavor profile analysis (FPA) observed for the raw water. FPA in the waterworks suggested that MIB and geosmin are responsible for the fishy and musty odor in the raw water respectively.
Chlorinous remains the most widely used disinfection method in the world, and they themselves impart chlorine type odors at a rather low concentration. Bruchet and Duguet [1] have found odor thresholds of 0.05, 0.65 and 0.15 as Cl for chlorine, monochloramine and dichloramine respectively ( Table 2) . Fig. 5 shows the concentrations of chlorinous in the tap water in Baotou. The variability in the concentrations of chlorine in tap water was much greater, with a coefficient of variation (CV) of 108%. China requires that a minimal chlorine residual of 0.1 mg L À 1 be maintained in the distribution system.
Concentration of chlorine in tap water was 0.08 mg L À 1 which is slightly lower than the value.
Concentrations of monochloramine and dichloramine in tap water were 0.94 and 0.25 mg L À 1
, respectively (Table 2) .
Phytoplankton Cyanobacteria composition and dissolved oxygen (DO) in Huajiang Reservoir during investigation
Phytoplankton Cyanobacteria composition and abundance changed greatly in the surface layer during the sampling months (Table 3) . From September to March of next year, 42 taxa belonging to 8 phyla were identified, consisting of diatoms (6 taxa), green algae (14 taxa), blue-green algae (8 taxa), and others (14 taxa). The average phytoplankton abundance was 2.06 Â 10 7 L À 1 , and the highest value was 3.2 Â 10 7 L À 1 (in November). These 8 phyla, included Cyanophyta, Chlorophyta, Bacillariophyta, Chrysophyta, Pyrrophyta, Xanthophyta and Euglenophyta. Among these, Chlorophyta represented 42.4% of the total taxa, followed by Chrysophyta (24.2%), Bacillariophyta (14.6%), and Cyanophyta (9.7%).
The investigation included the sampling site (Fig. 3) , distance with outlet 100 m, with three depths of 0.5, 2.5, and 4.5 m. 
Effect of air, water temperature and surface photosynthetically active radiation (PAR) on phytoplankton biomass
The weather and water temperature at 14:00 were recorded daily. Fig. 7 shows the variation of temperature at long time in Huajiang Reservoir. The weather was clear and sunny on most of the experimental days. From November 15th to next year February 20th, the air temperature varied from À5 to À 20 1C, with a mean value of À 10.1 1C (Fig. 7) . The water temperature was maintained at 1-2 1C. The thickness of ice covered on Huajiang Reservoir varied from 0.2 to 0.55 m and the highest value was in December and February. Surface photosynthetically active radiation (PAR) under the ice was calculated using the following equation: where E d0 is the local PAR, α is the ice albedo, h is the thickness of ice, and δ is the attenuation coefficient of PAR. The value of δ is 1.6 [19] , the value of α changes from 0.4 to 0.5 [20] , and the value of h is 0.55 m. The bottom PAR was calculated using Eq. (1), and the average water depth was 4.0 m.
Xie and Su [21] As mentioned above, environmental factors and growth phase are important for presence of taste and odor. Temperature and surface PAR were lower in winter, while NO 3 -N, NH 3 -N, TN, and CODmn were lower in autumn and spring (Figs. 7-9) .
Temperature is the most important factor influencing synthesis of taste and odors [7] . Nevertheless, the study shows that odorous episodes caused by Cyanobacteria are likely to develop even in lower water temperature and ice-covered reservoir when these Cyanobacteria, and consequently odorous production, proliferate. In principle, such a proliferation cannot be excluded as nutrients are enough from the water, and surface PAR under the ice is sufficiently high due to very low turbidity.
The lowest values of surface PAR and bottom PAR were 70.57 W m À 2 and 3.84 W m À 2 (in December) respectively in Huajiang Reservoir. Comparing these values with photosynthetically active radiation (2.5-15 W m À 2 ) determined by Naes et al. [22] for geosmin production during the growth of Cyanobacteria cells, it can be seen that under ice light at the water surface in Huajiang Reservoir is sufficiently high. , and the average concentration of TP is 0.09 mg L À 1 . 28% of total P in the Huajiang
Effect of nutrients on phytoplankton biomass
Reservoir was present as PO 4 -P with the remainder being in other P (organic, particulate) forms (Table 4) . Concentrations of PO 4 -P and total P in Huajiang Reservoir were 0.026 and 0.092 mg L (Table 4) . The increased nutrients' concentration may be a result of transportation from the Yellow River for discharge of NO 3 -N sewage during urban and agricultural production. The after December 15 (Fig. 9 , Table 4 ). Phosphorus is an essential nutrient for all life forms and is a key element in many physiological and biochemical processes. Measurements of TP showed slight changes over the seasons, with lower values in winter as compared to autumn. The average concentration of TP is 0.09 mg L À 1 , which is higher than the environmental quality standards for surface water, China of Class III waters of r0.05 mg L À 1 .
Nitrogen is an important nutrient for the phytoplankton growth in aquatic systems and N occurs in natural waters both in inorganic and organic forms. Concentrations of NO 3 -N fluctuated greatly and were between 1.67 and 6.63 mg L À 1 . Nitrate is the nitrogen source in several common Cyanobacteria growth media, such as BG-11 [23] .The decrease in NO 3 -N concentrations from October to December can be due to the utilization of NO 3 by phytoplankton and aquatic weeds.
However, the concentrations of NH 3 -N, CODmn exhibited fluctuations, with a linear increase from December to January, which corresponds with decrease of Yellow River flow.
Usually nitrogen (N) and phosphorus (P) concentrations in lake water are the main indices of eutrophication.With concentrations of TN40.2 mg L , average concentration of TP as 0.09 mg L À 1 , which represents eutrophic conditions (Table 4) . These values indicated that there were the important nutrients governing the growth of Cyanobacteria and their production of MIB and geosmin in Huajiang Reservoir.
Correlations between MIB and environmental parameters in Huajiang Reservoir
As shown in Fig. 10 , MIB concentrations of the raw water of Huajiang Reservoir were affected by temperature and other environmental parameters, such as nutrient concentrations, light intensity, and radiation which may also affect the growth of algae and the production of MIB. Therefore, the MIB concentration data (from December 2012 to June 2013) was analyzed for its correlation with the 7 water quality parameters collected for the reservoir.
The results for the coefficients of Pearson's correlation among all the parameters analyzed are listed in Table 5 as a matrix. Water temperature, air temperature and phytoplankton density are correlated with a correlation coefficient 0.24-0.45. Though they are not so well correlated with each other, the highest phytoplankton density was 2.06 Â 10 7 L À 1 (in November), accomplished with the water temperature at 1 1C (Table 5 ). Based on these results, it could be hypothesized that although temperature is an important factor influencing synthesis and release of MIB/geosmin, it is not the most important factor. There are also some correlations between nitrogen and phytoplankton biomass such as phytoplankton density and cell number of Cyanophyta. They are correlated with correlation coefficients 0.54 and 0.65. It indicated that nitrate concentration is considered as the key factor influencing the MIB concentration in ice covered Huajiang Reservoir.
According to the matrix, MIB concentration and FPA intensity were well negatively correlated to only water temperature and air temperature. They are negatively correlated with a correlation coefficient 40.69. The results suggested that higher water temperature and higher air temperature during autumn are not the most important factors that influence the MIB production which happen in lower temperature during winter. Table 5 clearly demonstrates that the trends for the change of MIB concentration and air and water temperatures are similar, further strengthening the possibility of linking temperature and MIB concentration for the reservoir. The other 3 parameters were independent of the water temperature and air temperature, and the correlation coefficients were all below 0.5 (shown as in Table 5 ). It indicated that eutrophication is the most important factor influencing synthesis and release of MIB/geosmin, though it is not the only factor.
And many previous investigations have focused on the response of the N versus P limitation of algal blooms [26, 27] . During the sampling months, total N to total P ratio averaged 56711.65 (n ¼68) in the reservoir and all samples had values higher than the N/P ratio of 7:1, the N-limitation boundary of 7:1 of Redfield [28] , indicating P limitation for phytoplankton growth in Huajiang Reservoir. Regression analysis of log-transformed N/P ratios showed that the ratios increased linearly (r ¼0.667,) with an increase in total N and declined (r ¼0.418) with an increase in total P (Fig. 11 ).
It appears that the combination of all the factors contributes to the odor-causing compounds. Some factors positively or negatively correlate with geosmin/MIB, but overall the positive ones dominate.
Implications for reservoir management
Understanding the occurrence and species specificity of fishy and musty odor in the ice-covered reservoir has recently resulted in operational changes in Huajiang reservoir to avoid high MIB and geosmin concentrations in water delivered to downstream water utilities.
For the presence of taste and odor in water was not contributed by the Yellow River but by Huajiang reservoir itself, one of management strategies to reduce MIB and geosmin concentrations before water arrives at treatment plant was to use cross pipe as shown in Fig. 12 . Schematic (a) represents pumping water from Huajiang reservoir at normal condition and (a) represents pumping water from Yellow River at T&O control condition.
These processes greatly decrease the costs of water treatment for T&O compound removal. Fig. 13 shows the variations of the fishy odor strength and MIB/geosmin concentration at normal and T&O control conditions. Using water pumping from Yellow River directly, FPA decreased from 10 to 1. Consequently we concluded that in winter using bypassing pipe pumping Yellow River water to WTP is an efficient way for T&O compound control.
Conclusion
This is probably the first time that taste and odor compounds from the reservoir in winter have been recognized in the raw water intake of a waterworks in China. These results were obtained through the contributing to the fishy odor in drinking water. (3) The results for the coefficients of Pearson's correlation analyzed showed that MIB/geosmin concentration was negatively correlated to water and air temperature, the correlations between MIB/geosmin and nitrogen are 0.63-0.37, the correlations between MIB/geosmin and phytoplankton density of Cyanophyta are 0.47. It indicated that eutrophication is the most important factor influencing synthesis and release of MIB/geosmin, but not temperature and that nitrate concentration is considered as the key factor influencing the MIB concentration in ice covered Huajiang Reservoir. (4) Using bypassing pipe pumping Yellow River water directly to WTP is an efficient way for T&O compound control in drinking water of Baotou city in winter.
